content is ABCA1, a sterol-induced membrane protein that mediates the transport of excess cholesterol from cells to lipid-poor apolipoprotein (apo)A-I, the major protein component of HDLs ( 1 ). Mutations in human ABCA1 are associated with a severe HDL defi ciency, cholesterol deposition in tissue macrophages, and prevalent cardiovascular disease ( 2 ). Over-expressing ABCA1 in mice signifi cantly decreases atherosclerosis ( 3 ), whereas ablating ABCA1 in stem-cell transferred mouse macrophages increases atherosclerotic lesions ( 4, 5 ). Thus, ABCA1 plays a critical role in protecting against cardiovascular disease.
Tissue/cell free and esterifi ed cholesterol were measured using a cholesterol oxidase assay as previous described ( 22 ) and normalized to cell or tissue protein levels. Proteins were measured by the method of Lowry ( 22 ) .
ABCA1 and other protein levels
Frozen powdered tissue or pelleted peritoneal macrophages were suspended for 1 h in ice cold TBS buffer (1 X TBS, pH 7.4, 1.0% triton X-100, protease inhibitors). Homogenates were sonicated once for 20 s and centrifuged at 15,000 g at 4°C for 10 min. The protein concentrations of the supernatants were determined, and equal amounts of protein (50 µg for macrophages and 100 µg for tissues) were resolved by 6% SDS-PAGE gel followed by transfer to nitrocellulose membranes. Protein levels were measured by immunoblots using antibodies for ABCA1 and ABCG1 (Novus Biological, 1:1000 dilution), scavenger receptor A1 (Santa Cruz Biotechnology, 1:300 dilution), CD36 (Santa Cruz Biotechnology, 1:100 dilution), and GAPDH (Chemicon International, 1: 10,000 dilution). Immunoreactivity was detected by enhanced chemiluminescence, quantifi ed using the OptiQuant computer program, and normalized to GAPDH levels in each tissue or cell sample.
AGE modifi ed ABCA1 was isolated by immunoprecipitation. Whole kidney or peritoneal macrophage cells were homogenized in TBS buffer, 3 µg anti-AGE antibody (from ABcam) was added into 1ml 1× TBS buffer containing 2000 µg protein from kidney or 350 µg protein from peritoneal macrophages, and incubated overnight in the cold. The immuno-complexes were precipitated using protein G Dynabeads (from Invitrogen) and resolved in 5% SDS-PAGE. AGE-modifi ed ABCA1 was detected by immunoblot analysis using ABCA1 antibody.
ABCA1 and ABCG1 mRNA levels
The one-step real-time RT-PCR was performed to quantify ABCA1 and ABCG1 mRNA using the Mx4000 Multiplex Quantitative PCR System (Stratagene, La Jolla, CA) and the Brilliant Single-step Quantitative RT-PCR Core Reagent Kit (Stratagene). Thermal cycling conditions consisted of an initial reverse transcription step at 45°C for 30 m, followed by 10 m at 95°C, then followed by 40 cycles of amplifi cation. Each cycle of amplifi cation consisted of a denaturizing step at 95°C for 30 s and an annealing/extension step at 60°C for 1 m. The ABCA1 primers used for the RT-PCR were forward: 5 ′ -GGACATGCACAAGGTCC-TGA-3 ′ ; reverse: 5 ′ -CAGAAAATCCTGGAGCTTCAAA-3 ′ ; and the probe was 5 ′ -FAM-AATGTTACGGCAGATCAAGCATCCCAAC-BHQ1-3 ′ . The ABCG1 primers for the RT-PCR were forward: 5 ′ -CCTTCCTCAGCATCATGCG-3 ′ ; Reverse: 5 ′ -CCGATCCCA-ATGTGCGA-3 ′ ; and the probe was 5 ′ -6FAM-CTCGGTCCTGACA-CATCTGCGAATCAC-TARMA-3 ′ . The GAPDH primers for the RT-PCR are forward: 5 ′ -AGCCTCGTCCCGTAGACAAA-3 ′ ; reverse: 5 ′ -ACCAGGCGCCCAATACG-3 ′ ; and the probe was 5 ′ hEX-AAATCCGTTCACACCGACCTTCACCA-BHQ1-3 ′ .
Cholesterol export activity
Thioglycolate-elicited macrophages were suspended in DMEM medium containing 1 mg/ml BSA, 50 g/ml acetylated LDL, and 1 C/ml [ 3 H]cholesterol. After plating for 1 h, cells were washed twice with PBS/albumin and incubated for 2.5 h with DMEM/ albumin minus or plus 10 g/ml apoA-I or 50 g/ml HDL. The medium was collected, centrifuged to removed detached cells, and assayed for [ 3 H]cholesterol. Acceptor-specifi c cholesterol effl ux was calculated by subtracting values obtained without acceptor from those obtained in the presence of either apoA-I or HDL. HDL was isolated from human plasma by ultracentrifugation and apoA-I was purifi ed from HDL as described ( 22 ) . ney without reducing ABCA1 mRNA levels. In contrast, diabetes had no effect or slightly increased ABCA1 protein and mRNA levels in the liver and brain. These results are consistent with the idea that diabetes selectively impairs ABCA1 protein expression in a cell-specifi c manner, which may contribute to the cardiovascular and renal complications associated with diabetes.
METHODS

Animals
Female non-obese diabetic (NOD) mice (Taconic), aged 6-8 weeks, were maintained in a temperature-controlled room (22°C) with a 12 h light/dark cycle and given free access to food and water.
All animal studies were approved by the University of Washington Institutional Animal Care and Use Committee (IACUC), and were performed following the IACUC guidelines for the care and use of laboratory animals.
To accelerate the development of diabetes, 9-week-old female NOD mice received one intra-peritoneal injection of cyclophosphamide (300 mg/kg) (Sigma) in sterile water. Nondiabetic controls were injected with sterile water alone. Diabetes was defi ned as glucose levels of >250 mg/dl on two consecutive readings. Peritoneal macrophages and tissues were collected 5 days after mice became diabetic (2-6 weeks after injection). With some mice, peritoneal macrophages were elicited by injection of thioglycolate (40 mg per mouse in 1 ml water) 3 days before sacrifi ce.
Transgenic LDLR
; GP mice were generated and diabetes was induced as previously described ( 21 ) . Briefl y, female LDL receptor (LDLR) Ϫ / Ϫ mice crossed with mice transgenic for the lymphocytic choriomeningitis virus (LCMV) glycoprotein (GP) under control of the insulin promoter were injected with LCMV or a saline solution at 7-10 weeks of age. Regular mouse chow diet (LabDiet®, 5053) and water were provided ad libitum. Tissues and peritoneal macrophages from the diabetic and salineinjected nondiabetic littermates were collected 5 weeks (4 weeks after diabetes developed) after LCMV or saline injection. To elicit peritoneal macrophages, mice were injected with thioglycolate 5 days prior to sacrifi ce. Macrophages were collected in PBS by peritoneal lavage and immediately chilled on ice, and cells were centrifuged and stored frozen. Whole livers, kidneys, and brains were removed from the animals and immediately frozen for storage.
Plasma lipids and glucose and tissue cholesterol
Blood was collected from retro-orbital plexus or the saphenous vein. Plasma total cholesterol was measured with colorimetric assay kits (Diagnostic Chemicals Limited). HDL cholesterol was measured after selective precipitation of apoB-containing lipoproteins with polyethylene glycol. Plasma triglycerides were measured using a colorimetric assay kit (Roche Diagnostics). Blood glucose levels were measured using the LifeScan OneTouch Ultra Meter.
To measure the percentage macrophages accumulating neutral lipid droplets, thioglycolate-elicited macrophages were harvested, counted, and plated in serum free RPMI medium. After 1 h, cells were washed with PBS and fi xed with 4% PFA for 30 min. They were then stained using Oil Red O for 30 min followed by counterstaining using hematoxylin for 20 min. Oil Red O positive cells were counted as % of total counted cells (always at least 100) in a masked fashion.
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Based on our previous studies showing that metabolic factors increased in diabetes reduce ABCA1 protein levels in macrophages ( 10, 15 ) , we measured ABCA1 expression in freshly isolated peritoneal macrophages. Because of the only 5 day period of diabetes, we initially chose not to elicit macrophages in NOD mice, which necessitated combining cells from two mice to obtain enough material for single protein and mRNA analyses. With LDLR Ϫ / Ϫ ; GP mice, we elicited macrophages for 5 days by thioglycolate injections, which generated enough cells from a single mouse for multiple assays.
Immunoblots of macrophages from either NOD or LDLR Ϫ / Ϫ ; GP mice revealed that macrophage ABCA1
protein levels per amount of total cell protein were lower in diabetic mice compared with controls, whereas GAPDH levels were unaffected by diabetes (examples in Fig. 1A , B ). Quantifying scans showed that inducing diabetes reduced the macrophage ABCA1 to GAPDH protein levels by 44% ( P < 0.01) in NOD mice ( Fig. 1C ) and by 33% ( P < 0.05) in LDLR Ϫ / Ϫ ; GP mice ( Fig. 1D ).
ABCA1 mRNA levels, however, were not signifi cantly different between diabetic and nondiabetic mice for both models ( Fig. 1E, F ) . These results show that inducing diabetes in these mice selectively reduced macrophage ABCA1 protein levels.
To examine the specifi city of the effects of diabetes on macrophage protein expression, we compared ABCA1 protein levels with those of scavenger receptor A1 and CD36, two other plasma membrane proteins that mediate lipoprotein interactions with macrophages ( 24 ) . To generate enough cells from a single animal for multiple measurements, we elicited peritoneal macrophages in NOD mice by thioglycolate injections 3 days prior to sacrifi cing the mice. As with resident macrophages ( Fig. 1 ) , inducing diabetes reduced ABCA1 protein levels in elicited macrophages by greater than 40% ( Fig. 2 ). In contrast, the protein levels of scavenger receptor A1 and CD36 were not signifi cantly affected by diabetes. We also measured CD36 mRNA levels (not shown) and found no difference between normal and diabetic mice. These results support our previous cellculture studies showing that ABCA1 protein is uniquely sensitive to diabetes-associated metabolic factors ( 14, 15, 25 ) .
RESULTS
Hyperglycemia and elevated lipids in two mouse models of type 1 diabetes
We examined two different mouse models for the effects of type 1 diabetes on macrophage and tissue ABCA1 levels. We used autoimmune diabetic NOD mice as a model for relatively early stages of diabetes. These mice spontaneously develop type 1 diabetes within several weeks after injection of an antibiotic such as cyclophosphamide. We used LDLR Ϫ / Ϫ ; GP mice as a model for the effects of more sustained diabetes. These mice are a cross between LDLR-defi cient mice and rat insulin promoter-LCMV transgenic mice, which express the viral GP as a self antigen under the control of the insulin promoter. After LCMV injection, an immune reaction specifi cally destroys the GP-expressing pancreatic ␤ cells, and mice develop type 1 diabetes in 1-2 weeks ( 21 ). Inducing diabetes in these mice increases atherosclerotic lesions after 12 weeks on either a cholesterol-free or -enriched diet ( 21 ) . We obtained plasma, macrophages, and tissues from chow-fed diabetic and nondiabetic NOD mice 5 days after they became diabetic (glucose levels of >250 mg/dl) and from LDLR Ϫ / Ϫ ; GP mice 4 weeks after the onset of diabetes. Measurements of plasma glucose and lipids showed that inducing diabetes dramatically increased glucose and moderately increased triglycerides to comparable levels in each mouse model ( Table 1 ). Because they lack the LDL receptors required for clearing cholesterol-rich lipoproteins, the LDLR Ϫ / Ϫ ; GP mice had higher total cholesterol and lower HDL cholesterol levels than NOD mice. With both mouse models, however, the diabetic mice had signifi cantly higher total cholesterol levels than the controls ( Table 1 ) . There was no difference in HDL cholesterol levels between diabetic and control NOD mice, but the diabetic LDLR Ϫ / Ϫ ; GP mice had higher HDL levels compared with controls.
Diabetes selectively reduces ABCA1 protein and activity in mouse macrophage
Because regulation of ABCA1 expression occurs at both transcriptional and posttranscriptional levels in a tissuespecifi c manner ( 23 ), we measured both ABCA1 protein and mRNA levels in select tissues and cells. ABCA1 protein was fi rst detected by immunoblot analyses of equal amounts of cell or tissue protein and then quantifi ed by scanning densitometry. ABCA1 mRNA was measured by RT-PCR on Previous studies showed that transcription of ABCG1, a macrophage transporter that promotes cholesterol effl ux to HDL particles, was reduced in mouse models and humans with type 2 diabetes, and this could be mimicked by incubating mouse peritoneal macrophages with high glucose (26) (27) (28) . We therefore tested if inducing type 1 diabetes in NOD mice had similar effects on ABCG1. Diabetes reduced both ABCG1 protein and mRNA levels in peritoneal macrophages from NOD mice by ‫ف‬ 40% ( Fig. 2B ) . Thus, inducing type 1 diabetes also reduced ABCG1 levels, but as with type 2 diabetes, this appears to occur at the level of transcription.
We showed previously that treating cultured macrophages with the reactive carbonyls glycoaldehyde and glyoxal, oxidative products of glucose that are AGE precursors, severely impaired the cholesterol export activity of ABCA1. Because the diabetic NOD mice were markedly hyperglycemic, we tested the possibility that macrophage ABCA1 was modifi ed by AGEs by immunoprecipitating AGE-modifi ed proteins and probing for ABCA1. No detectable ABCA1 was immunoprecipitated with an AGE antibody from macrophages from nondiabetic control NOD mice, but ABCA1 was readily detectable in AGE precipitates from diabetic mice ( Fig. 3A ) . These results support the idea that inducing diabetes in NOD mice increases AGE adducts on macrophage ABCA1.
To determine if diabetes impaired the cholesterol export activity of the ABCA1 pathway in macrophages, we labeled macrophages freshly isolated from NOD mice with [ 3 H]cholesterol, and measured apoA-I-mediated [
3 H]cholesterol effl ux, which occurs exclusively through ABCA1 ( 29 ) . As a control, we measured cholesterol effl ux in the presence of HDL particles, which occurs by ABCA1-independent processes. To minimize changes in ABCA1 ex- 
ABCA1 is also highly expressed in the brain ( 33 ) where it may modulate neuronal cholesterol homeostasis. We found no signifi cant differences in ABCA1 protein or mRNA levels in brains from diabetic and nondiabetic NOD mice (data not shown).
Renal disease is a common complication of diabetes ( 34 ) , and there is evidence that renal function is infl uenced by the cellular cholesterol content ( 35 ) . We therefore examined the effects of diabetes on ABCA1 expression in mouse kidneys. Surprisingly, renal ABCA1 protein levels were signifi cantly lower in diabetic NOD (48%, P < 0.001) and LDLR Ϫ / Ϫ ; GP (35%, P < 0.02) mice when compared with nondiabetic controls ( Fig.  5A -D ) . In contrast, ABCA1 mRNA levels did not differ between diabetic and nondiabetic NOD mice ( Fig. 5E ) and were slightly but signifi cantly ( P < 0.02) elevated in diabetic LDLR Ϫ / Ϫ ; GP mice ( Fig. 5F ). Similar to the data in Fig. 3A , we recovered ABCA1 in immunoprecipitates of AGE-modifi ed proteins from the kidneys of diabetic NOD mice (data not shown). Thus, as with macrophages, inducing diabetes in both NOD and LDLR Ϫ / Ϫ ; GP mice selectively reduced ABCA1 protein levels in the kidney.
Diabetes increases the cholesterol content of macrophages and kidneys
We examined whether the effects of diabetes on ABCA1 protein levels were associated with altered cholesterol homeostasis. When cells accumulate cholesterol in excess of that needed for membrane synthesis, most of it is esterifi ed as neutral lipids. We fi rst examined if inducing diabetes increased neutral lipid droplets in macrophages using an Oil Red O staining protocol. We found that diabetes markedly increased the fraction of peritoneal macrophages from LDLR Ϫ / Ϫ ; GP mice that contained lipid droplets stained with Oil Red O ( Fig. 6 ), consistent with an increased accumulation of cholesteryl esters. We then examined if diabetes affected the free and esterifi ed cholesterol content of macrophages and tissues. Because these mice were maintained on a low-cholesterol chow diet, the fractional cholesteryl ester content of macrophages and tissues was relatively low (less than 25% of the total cholesterol). However, macrophages from diabetic NOD and LDLR Ϫ / Ϫ ; GP mice had signifi cantly more cholesteryl esters than cells from the nondiabetic controls ( Fig. 7 ) . Kidneys from diabetic NOD and LDLR Ϫ / Ϫ ; GP mice had higher levels of free and esterifi ed cholesterol compared with those from control mice, but the difference in cholesteryl esters did not reach signifi cance for NOD mice ( Fig. 7 ) . Although there was an upward trend, the free and esterifi ed cholesterol content of livers from diabetic NOD and LDLR Ϫ / Ϫ ; GP mice were not significantly different from those in livers from control mice. These results show that the reduced ABCA1 protein levels in macrophages and kidneys of diabetic mice were associated with increased cellular cholesterol content. cell membranes were labeled for only 2 h with cholesterol tracer ( 30 ) . Inducing diabetes in NOD mice reduced the apoA-I-mediated cholesterol effl ux by 40% ( Fig. 3B ) , comparable to the level of protein reduction. Thus, diabetesassociated factors impaired ABCA1-dependent cholesterol effl ux from macrophages. In contrast, cholesterol effl ux to HDL was unaffected by diabetes, despite a reduction in ABCG1 levels. This may have been because the cholesterol effl ux assay was too brief (2.5 h) to involve the ABCG1 pathway.
Diabetes reduces ABCA1 protein in mouse kidneys but not in liver or brain
Because hepatic ABCA1 activity is a major determinant of plasma HDL levels in mice ( 31, 32 ), we tested the effects of inducing diabetes on ABCA1 expression in mouse. Liver ABCA1 protein and mRNA levels did not differ between diabetic and nondiabetic NOD mice ( Fig. 4A , C, E ) , which is consistent with a lack of a diabetes effect on plasma HDL levels ( Table 1 ). In contrast, the livers of diabetic LDLR Ϫ / Ϫ ; GP mice had signifi cantly higher levels of both ABCA1 protein ( P < 0.05) and mRNA ( P < 0.02) when compared with control mice ( Fig. 4B, D, F ) , possibly because of longer exposure to elevated blood cholesterol. This may at least partially explain the higher HDL levels in the diabetic LDLR Ϫ / Ϫ ; GP mice ( Table 1 ) . These results indicate laden macrophages in atherosclerotic lesions ( 10 ) . These fi ndings raised the possibility that impaired ABCA1-dependent cholesterol effl ux from arterial macrophages contributes to the atherosclerosis caused by diabetes. Here, we provide more evidence to support this idea by showing that diabetes selectively reduces ABCA1 protein levels in peritoneal macrophages from two different mouse models of type 1 diabetes (NOD and LDLR Ϫ / Ϫ ; GP mice) and that this is associated with elevated intracellular cholesteryl esters.
DISCUSSION
We showed previously that metabolic factors elevated in diabetes, such as reactive carbonyls and free fatty acids, impair ABCA1-dependent cholesterol export from cultured macrophages and other cells by destabilizing ABCA1 protein ( 10, (14) (15) (16) . We also showed that inducing diabetes in pigs fed a high-fat/cholesterol diet increased atherosclerosis in association with a dramatic reduction in the ABCA1 immunoreactivity in cholesterol- mice. * P < 0.05, ** P < 0.02 versus control (Student's t -test).
Fig. 5.
Diabetes-induced reduction in ABCA1 protein but not mRNA levels in mouse kidneys. Each value is the mean ± SD from 15 NOD (C, E) and 5 LDLR Ϫ / Ϫ ; GP (D, F) mice. * P < 0.02, ** P < 0.001 versus control (Student's t -test).
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terol effl ux in the presence of HDL, which is ABCA1 independent, was unaffected by inducing diabetes under the conditions of our cholesterol effl ux assay. Thus, measurements of both protein mass and cholesterol export activity revealed that macrophage ABCA1 was impaired by diabetes-associated factors. We also found the inducing type 1 diabetes in NOD mice decreased expression of ABCG1. This was evident by reduced levels of ABCG1 protein and mRNA, indicating that it likely occurred at the level of transcription, as was described previously for the effects of type 2 diabetes on monocyte/macrophage ABCG1 levels (26) (27) (28) . Thus, diabetes reduces both major macrophage cholesterol exporters but by different mechanisms. It is noteworthy that, of all 49 ABC transporters studied, only expression of ABCA1 and ABCG1 were reduced by high glucose and fatty acids ( 36 ) .
Tissue-specifi c expression of ABCA1 in mice revealed that hepatic ABCA1 activity is the major determinant of circulating HDL cholesterol levels ( 31, 32 ) . We found that diabetes did not affect ABCA1 protein and mRNA levels in livers from NOD mice but signifi cantly increased both protein and mRNA in livers from LDLR Ϫ / Ϫ ; GP mice. Because sterols induce ABCA1, the prolonged exposure of livers in diabetic LDLR Ϫ / Ϫ ; GP mice to higher blood cholesterol levels may have slightly increased ABCA1 transcription. These fi ndings could at least partially explain why inducing diabetes either had no effect or actually increased HDL cholesterol levels, which is also observed in type 1 diabetic humans ( 37 ) . We also found that inducing diabetes in NOD mice had no effect on ABCA1 protein and mRNA levels in the brain, another tissue that expresses high levels of ABCA1 ( 33 ) . Thus, ABCA1 in the livers and brains of these mice appears to be resistant to the effects of diabetes.
An unexpected fi nding from these studies is that diabetes also selectively reduced ABCA1 protein levels in kidneys. ABCA1 is most highly expressed in proximal tubules of mouse kidneys, but it can also be detected in interstitial blood vessel endothelial cells and glomeruli ( 23 ) . Inducing diabetes decreased kidney ABCA1 protein by nearly 50% in NOD mice and by 35% in LDLR Ϫ / Ϫ ; GP mice. Diabetes did not change ABCA1 mRNA levels in kidneys from NOD mice and actually increased those in LDLR Ϫ / Ϫ ; GP mice, so that the protein to mRNA ratios dropped by identical extents (47%) in each mouse model. Thus, as in macrophages, diabetes selectively reduced posttranscriptional expression of ABCA1 in kidneys. The selective decrease in ABCA1 protein levels in macrophages and kidneys was associated with increased cellular and tissue cholesterol. Because these mice were maintained on a low-cholesterol chow diet, macrophages did not accumulate cholesteryl esters to levels seen in atherogenic cells. Nevertheless, inducing diabetes in both NOD and LDLR Ϫ / Ϫ ; GP mice signifi cantly increased the cholesteryl ester content of macrophages. In kidneys, which had much lower cholesteryl ester levels compared with macrophages, inducing diabetes in these mice increased both the free and esterifi ed cholesterol content.
Inducing diabetes signifi cantly reduced the ABCA1 protein content of freshly isolated peritoneal macrophages from both NOD (by 42-44%) and LDLR Ϫ / Ϫ ; GP (by 33%) mice. This was evident whether protein expression was normalized to total cell protein or to GAPDH levels, which were unaffected by diabetes in macrophages and all tissues studied. In contrast, the macrophage ABCA1 mRNA levels were unchanged by diabetes. Diabetes therefore selectively reduced the macrophage ABCA1 protein content, consistent with a posttranscriptional effect. In contrast to ABCA1, diabetes had no effect on the macrophage content of scavenger receptor A and CD36, two other plasma membrane proteins that interact with lipoproteins ( 24 ) , in support of our cell culture studies showing that ABCA1 protein is uniquely sensitive to diabetic factors ( 10, 15 ) . Reduced macrophage ABCA1 protein levels were observed after only 5 days (NOD mice) and up to 4 weeks of diabetes (LDLR Ϫ / Ϫ ; GP mice), indicating that this occurred shortly after the onset of diabetes and was sustained for at least several weeks.
Inducing diabetes in NOD mice also reduced apoA-Imediated cholesterol effl ux from freshly isolated peritoneal macrophages to approximately the same extent as it reduced ABCA1 protein levels (40%). In contrast, choles- from diabetic mice. We showed that high physiologic levels of oleate and other fatty acids destabilize ABCA1 protein through a phospholipase D2/protein kinase C ␦ signaling pathway that phosphorylates ABCA1 serines (14) (15) (16) (17) . Diabetic mice have elevated circulating triacylglyceride levels, which could increase fl ux of free fatty acids into tissues. We are currently investigating the possibility that increased fatty acids could also contribute to the impaired ABCA1.
It is unlikely that infl ammation in response to thioglycolate injections could contribute to the effects of inducing diabetes in these animals. ABCA1 levels in tissues from NOD and LDLR Ϫ / Ϫ ; GP mice were affected by diabetes to similar extents, even though only the LDLR Ϫ / Ϫ ; GP mice were treated with thioglycolate. Diabetes reduced ABCA1 protein levels to the same extent in resident or thioglycolate-elicited macrophages isolated from NOD mice.
The lack of changes in liver and brain ABCA1 indicate that there is cell specifi city for the effects of diabetes on this protein, which may refl ect different sensitivities to carbonyl stress and/or fatty acid load. In addition to enhanced fatty acid production, the oxidative environment surrounding macrophages is likely to generate high levels As with ABCA1 expression, diabetes had no signifi cant effect on the cholesterol content of livers. Impaired ABCA1-dependent lipid export could have contributed to the diabetes-induced accumulation of cholesterol in macrophages and kidneys.
There are several factors that could infl uence ABCA1 protein levels in diabetic mice, but strong candidates are reactive carbonyls. These carbonyls are formed during glucose oxidation reactions that generate AGEs, modifi ed proteins implicated in the pathogenesis of diabetes, atherosclerosis, and other disorders ( 6-9 ). We showed previously that ABCA1 was highly and uniquely sensitive to damage by the carbonyls glyoxal and glycoaldehyde, which severely and acutely reduced ABCA1 protein levels in cultured macrophages without affecting mRNA levels ( 10 ) . Chronic exposure of ABCA1 to these carbonyls is likely to be increased under the hyperglycemic conditions associated with diabetes. We were able to detect carbonyl-damaged ABCA1 in macrophages and kidneys from diabetic mice using AGE antibodies, consistent with this type of damage contributing to the impaired function of ABCA1.
Elevated free fatty acids could also contribute to the reduced ABCA1 protein levels in macrophages and kidneys ; GP mice were measured and normalized to protein content. Each value is the mean ± SD from 10 NOD and 10 LDLR Ϫ / Ϫ ; GP mice per group. * P < 0.05, ** P < 0.02 versus control (Student's t -test).
by guest, on January 26, 2018 www.jlr.org Downloaded from of reactive carbonyls ( 38 ) . Renal cells are highly sensitive to oxidative and carbonyl stress, and the kidney is capable of producing large amounts of reactive carbonyls ( 34 ) . In contrast, the liver and the brain might generate less of these metabolic factors or have greater abilities to quench their effects.
These studies have important implications about diabetic complications in animal models and humans. Inducing diabetes in LDLR Ϫ / Ϫ ; GP mice increases atherosclerosis even when animals are fed a low-cholesterol diet and circulating lipoproteins are unchanged ( 21 ) . Diabetes accelerates cardiovascular disease in humans with both types 1 and 2 diabetes. An impaired ABCA1-dependent clearance of excess cholesterol from arterial macrophages could contribute to these macrovascular complications. Diabetes causes renal disease in autoimmune diabetic mice ( 39 ) and in humans ( 34 ) , and it has been shown that hypercholesterolemia promotes renal disease in association with accumulation of cholesterol in the kidney ( 35 ) . A defective ABCA1 cholesterol export pathway in renal cells could therefore promote cholesterol accumulation and enhance diabetic nephropathy. These observations implicate ABCA1 as an important therapeutic target for treating diabetic cardiovascular disease and nephropathy.
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